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Abstract 
 The fragmentation dynamics of predissociative SO2(
1
2C B ) is investigated on an accurate 
adiabatic potential energy surface (PES) determined from high level ab initio data. This singlet 
PES features non-C2v equilibrium geometries for SO2, which are separated from the SO(
3X  ) + 
O(3P)  dissociation limit by a barrier resulting from a conical intersection with a repulsive singlet 
state. The ro-vibrational state distribution of the SO fragment is determined quantum mechanically 
for many predissociative states of several sulfur isotopomers of SO2. Significant rotational and 
vibrational excitations are found in the SO fragment. It is shown that these fragment internal state 
distributions are strongly dependent on the predissociative vibronic states, and the excitation 
typically increases with the photon energy.  
  
3 
 
I. Introduction 
Produced by both nature and human activities, sulfur dioxide (SO2) is an important species 
in Earth’s atmosphere.1 This molecule has also been found in the atmospheres of other planets and 
satellites in the solar system.2-4 Its solar photochemistry has been linked to recently discovered 
sulfur mass-independent fractionation (S-MIF) in ancient rock samples,5 which suggests the onset 
of the Great Oxygenation Event (GOE) in Earth’s atmosphere.5-7 The sudden change of the isotope 
ratios of sulfur in the rock record about 2500 million years ago could be due to the shielding of the 
atmospheric SO2 from the solar ultra-violet (UV) rays by the nascent ozone layer. Despite 
extensive studies of the SO2 photochemistry,
8-20 however, the chemical origin of the S-MIF in the 
rock records remains elusive. A comprehensive understanding of the photoabsorption and 
photoreaction of SO2 as well as the subsequent chemical processes is clearly needed to gain insight 
into this important astrobiological event in the history of the Earth.  
The strong UV absorption band of SO2 in the 240-180 nm region is due to the dipole 
allowed 1 2C B ←
1
1X A  transition.
21-23 The spectroscopy of this so-called C band has been 
extensively studied in the past, and a plethora of spectroscopic data exist above the band origin at 
42573 cm-1.24-27 Above 218 nm, SO2 is known to predissociate, as evidenced by a sudden decrease 
of fluorescence and broadening of the spectral features.21, 24, 28-33 The dissociation dynamics to the 
SO( 3X  ) and O(3P) species has been studied by a number of groups, using different experimental 
techniques.34-44 There is experimental evidence that the SO internal excitation varies with the 
excitation  photon energy.41 At 193 nm, the SO vibrational state distribution has been found to be 
bimodal, with a peak near v=2 with hot rotational distributions and another peak at v=5 with less 
rotational excitation.43, 44  
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Since the 1 2C B  state correlates diabatically to SO(
1a  ) + O(1D), as shown in Figure 1, the 
production of the lower energy products SO( 3X  ) and O(3P) has to be induced by non-adiabatic 
crossings. One possibility is internal conversion to the 1 1X A  state, which then dissociates to SO(
3X  ) and O(3P) products. However, the location and characteristics of this conical intersection 
are yet to be defined, although an avoided crossing can be clearly seen from our recent work.45 
Alternatively, a conical intersection formed with the 1D A  state, which is repulsive and correlates 
with the SO( 3X  ) + O(3P) asymptote, facilitates predissociation of SO2(
1
2C B ).
31 Another non-
adiabatic pathway is through intersystem crossing to the repulsive 32 A  state, which also 
correlates to the same triplet asymptote.31 As shown in the same figure, the former has a higher 
energy crossing. The involvement of the repulsive triplet state is supported by spin polarization 
experiments.35, 46 On the other hand, evidence for the involvement of the single repulsive state in 
dissociation also exists.33 In addition, the dissociation has also been attributed to the ground 
electronic state after internal conversion.29, 32 The precise mechanism of dissociation is still 
unclear, and may be dependent on the photon wavelength. 
While many theoretical studies have been carried out on the spectroscopic properties of 
SO2 in the C band,
31, 45, 47-55 there has been no study of the dissociation dynamics. Such a process 
could ultimately yield the details relevant to the S-MIF effect. Indeed, the spectral range of 180-
220 nm where a large S-MIF effect was found8 coincides with the predissociation region in the C 
band, strongly suggesting the involvement of SO2 photolysis. In this publication, we present the 
first study of the photodissociation dynamics of SO2(
1
2C B ) following the crossing with a singlet 
repulsive state. Using an adiabatic model, the fragmentation dynamics of the predissociative states 
of SO2 and several of its sulfur isotopomers just above the dissociation barriers is characterized by 
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propagating wave packet on a recently developed ab initio PES.45 The propagation was carried out 
to the asymptotic region to resolve the fragment internal state distribution. Although this model 
does not include all possible dissociation channels, it sheds valuable light on the dissociation 
dynamics and product energy disposal. This publication is organized as follows. The wave packet 
method is outlined in the next Section. The results are presented and discussed in Sec. III. Final 
conclusions are given in Sec. IV.   
II. Theory 
In this work, we used the Chebyshev real wave packet method56 to investigate the 
photodissociation dynamics of SO2(
1
2C B ). The Hamiltonian in the SO + O′ Jacobi coordinates 
(R, r, ) can be written as ( 1  hereafter), 
2 2 2 2
2 2 2 2
ˆˆ ˆ1 1 ( )ˆ ( , , )
2 2 2 2R r r R
j J j
H V R r
R r r R

   
  
     
 
,                               (1) 
where R denotes the distance between the O′ atom and the center of mass of SO, r is the S-O bond 
distance, and R  and r  are the corresponding reduced masses. jˆ  is the rotational angular 
momentum operator of SO and Jˆ  (J=0 in the calculations) is the total angular momentum operator 
of SO2. The spin-rotation coupling in 
3 state of SO is neglected and electron spin is considered 
as a spectator. V(R, r, ) is the adiabatic potential energy surface reported in our earlier work.45 
The 1 2C B ←
1
1X A  photoexcitation was simulated within the Condon approximation, in 
which the initial wave packet is given by the ground vibrational eigenfunction on the 1 1X A  state 
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placed vertically on the 1 2C B  state PES. The initial wave packet is then propagated using the 
Chebyshev recursion relation:56 
2
1 2
ˆ2 ,    2k s k kDH D k       ,                                                (2) 
with 1 0
ˆ
sDH    and 0  is the initial wave packet. The Hamiltonian in Eq. (1) is scaled to the 
spectral range of (-1,1) by ˆ ˆ( ) /sH H H H
   , in which the spectral medium and half width (
max min( ) / 2H H H
   )were determined by the spectral extrema, maxH  and  minH , which can be 
readily estimated. The damping functions (D) were used to avoid reflection at the edge of the radial 
grids and its form is given below. 
The absorption spectra were obtained from the discrete cosine Fourier transform of the 
Chebyshev autocorrelation function 
0k kC    ,
57 
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where E is the total energy and arccos E   is the Chebyshev angle. A window function 
2 2 /2ke   
with α=0.00002 was multiplied on Eq. (3) to smooth the absorption spectra.53 
The distributions of all energetically available ro-vibrational products were obtained from 
discrete cosine Fourier transformations:57 
A
f
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1
2pH - sinJ
(2-d
k0
)e-ikJC
k
f
k=0
N
å
2
,                                                                       (4) 
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in which f
kC  are the corresponding Chebyshev cross-correlation functions, which was calculated 
as 
( )fk f kC R R 
   ,                                                                       (5) 
where 
f  are ro-vibrational eigenstates of the product SO, and R was fixed at R
 =16.0 bohr in 
the product channel O + SO. The numerical parameters used in the calculations, including the form 
of the damping function, are summarized in Table 1.  
III. Results and discussion 
Figure 2 shows the calculated absorption spectra of 32SO2, 
33SO2, 
34SO2, and 
36SO2 from 
the vibrational ground state of the electronic ground state. It can be seen that there are strong 
oscillatory structures in the spectra corresponding to vibronic states of SO2(
1
2C B ). The low-
energy features of these spectra have been extensively discussed and assigned in our recent 
publications.54, 55 There, the agreement with available experimental data is excellent, providing 
convincing evidence in support of the accuracy of the PES. In the higher energy range (>~53000 
cm-1), the widths of the resonances become broader, due apparently to the predissociation barrier 
resulted from a conical intersection with the repulsive 1D A  state. The isotope-induced shifts of 
the absorption peaks have been extensively examined as it has been widely considered as the origin 
of the S-MIF effect.11, 12, 18, 19, 52 As discussed in our recent work, the shifts of the spectra follow 
simple linear relationship with the photon energy,55 in excellent agreement with known 
experimental data.12, 19 
The adiabatic dissociation barrier from SO2(
1
2C B ) to SO(
3X  ) + O(3P) is located at 
R=4.276 bohr, r=2.790 bohr, and =103.5˚ and has the energy of 53883 cm-1, which is 10252 cm-
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1 higher than the SO2(
1
2C B ) minimum (R=3.456 bohr, r=2.828 bohr, and =119.6˚). The barrier 
position is indicated by an arrow in the figure. It should be noted that the PES in the asymptotic 
region was modified to remove an artificial anisotropy in the asymptotic region near the SOO 
collinear geometry. This modification makes sure that the PES is isotropic in the asymptote. It has 
no effect on the vibrational distribution of the SO fragment, but shifts the rotational state 
distribution by no more than 5 rotational states.  
The wave packet method used in this work allows the determination of the product state 
distribution in all required energies from a single wave packet propagation. To highlight the energy 
dependence, we have computed all product state distributions with an energy interval of 0.001 eV 
above the predissociation barrier. In Figures 3-6, the high-energy wing of the absorption spectra 
and the fraction of the product SO( 3X  ) vibrational populations in the photon energy range 
(53000-57600 cm-1) are shown for 32SO2, 
33SO2, 
34SO2, and 
36SO2. From the figures, it is clear that 
the widths of the resonance peaks are finite, and they gradually increase with energy, indicating 
shorter lifetimes. Unfortunately, the lifetimes of these resonance states cannot be accurately 
determined because they are often overlapping with each other. The SO vibrational state 
distribution is dependent on the individual resonances. However, a general trend exists that the 
vibrational excitation is higher at higher excitation energies. In the energy range < ~54000 cm-1, 
the ground state product of SO dominates. As the excitation energy increases (54500~56000 cm-
1), the first excited vibrational state (v=1) of the SO product has the largest population. In even 
higher energies, the dominated vibrational state v=2 can be found in some energy points.  
In Figure 7, the vibrational state distributions of the SO( 3X  ) fragment from the 
dissociation of 32SO2 are displayed for six photon energies (Ehv=53706, 54024, 54189, 54263, 
55950, and 56095 cm-1). At these six energies, the most populated state is v=0, 1, or 2, respectively, 
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much less than the energetically allowed maximal vibrational state indicated in the figure by an 
arrow. The rotational state distributions of the SO( 3X  ) fragment are shown in Figure 8 at the 
same energies in the most populated vibrational state. These distributions suggest strong rotational 
excitation with peaks near j=~40.  
The vibrational state excitation of the SO( 3X  ) fragment at a particular energy is largely 
determined by the corresponding predissociation wavefunction at the dissociation barrier. Figure 
9 (left panel) shows the wavefunctions cut in the (R, r) coordinates at the barrier geometry for 
Ehv=53706, 54189, and 56095 cm
-1. It can be seen from the figures that these wavefunctions are 
quite irregular inside the well, which indicate that they are difficult to assign presumably due to 
chaos. Such irregularity is already apparent at quite low energies. In addition, the wavefunctions 
at three energies possess different nodal structures (none, one, and two nodes for Ehv=53706, 
54189, and 56095 cm-1, respectively) along r direction in the exit channel, which are consistent 
with the dominated vibrational state in the distributions shown in Figure 7. The Franck-Condon 
overlaps between the wavefunctions in the r coordinate at the dissociation barrier and the SO 
vibrational eigenstates have been computed and they are displayed along with the calculated 
vibrational state distributions in Figure 7. As can be seen, these Franck-Condon overlaps predict 
the vibrational excitation in the SO( 3X  ) product quite well. This indicates that the final state 
interaction in the dissociation channel is negligible and the energy release in the dissociation is 
largely in the translation and rotational (see below) degrees of freedom. This can be readily 
understood as the S-O bond length at the dissociation barrier is 2.790 bohr, very close to that of 
the SO fragment (2.809 bohr). 
Figure 9 (right panel) shows the wavefunctions cut in the (R, ) coordinates at the barrier 
geometry for Ehv=53706, 54189, and 56095 cm
-1. It can be seen that the wavefunctions are widely 
10 
 
scattered along the  coordinates in the exit channel, which suggests the high excitations in the 
rotational mode of product SO. The high rotational excitation of the SO( 3X  ) fragment 
originates from two sources. One is the bending energy of the SO2 wavefunction at the dissociation 
barrier. For this, the projection of the wavefunction at the barrier onto the SO rotational state is 
computed at the energies and displayed in Figure 8 along with the fragment rotational state 
distributions. As shown, the energy in the SO2 bending mode at the dissociation barrier is 
significantly smaller than that in the final state distribution. This is because the breaking of the S-
O′ bond at the barrier, which is bent, exerts a torque of the departing SO, which channels energy 
into the fragment rotation during the final descend to the asymptote. In this case, the final state 
interaction is quite strong in the dissociation channel. 
The internal excitation of the SO fragment can have a significant impact on its reactions 
with other atmospheric species, such as H2S, OH and O2. In a recent study, the reaction pathway 
for the SO + O2 → SO3 reaction has been explored.18 It was shown that this reaction has a small 
thermal rate coefficient because of a number of barriers and bottlenecks along the reaction 
pathway. In another possible reaction, the SO can be reduced by H2S, leading eventually to 
elemental sulfur (S8).
58 It is conceivable that ro-vibrationally excited SO from the dissociation of 
SO2 could significantly increase the reaction rate of these reactions. Such reactions are thought to 
propagate the S-MIF generated in the photoexcitation of SO2.
18 
At this point, it is still difficult to compare our results with photodissociation experiments, 
as most measurements have been carried out at 193 nm or longer wavelengths.34-44 As mentioned 
earlier, the barrier in our adiabatic PES is 53883 cm-1, which corresponds to 191 nm of the photon 
wavelength. Consequently, this singlet channel discussed in this work is inaccessible in the 
previous experiments and the lower-energy triplet pathway should dominate. The triplet pathway 
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cannot yet be investigated because the corresponding PES of the 32 A  state and the spin-orbit 
couplings are not available. The dissociation via the singlet state barrier is shown above to produce 
vibrationally unexcited SO just above the dissociation barrier, which is inconsistent with the 
experimental observations that the v=2 state dominates. Hence, our results support, albeit 
indirectly, that the dissociation near 193 nm is due to intersystem crossing via a triplet repulsive 
state. 
 
IV. Conclusions 
In this work, we explore the dissociation dynamics of several isotopomers of SO2 following 
the excitation to the 1 2C B  state. The predissociation via a barrier formed by a conical intersection 
between the 1 2C B  state and a repulsive singlet (
1D A ) state is investigated. This system provides 
an ideal proving ground for studying state-selective unimolecular dissociation. Our results indicate 
that the SO( 3X  ) fragment internal state distribution depends strongly on the vibronic state it is 
initiated. At low excitation energies just above the dissociation barrier, the SO( 3X  ) fragment is 
dominated by the ground vibrational state. However, as energy increases, more excited vibrational 
states are populated. The fragment vibrational state distributions are largely determined by the SO2 
vibronic wavefunction at the dissociation barrier, suggesting small final state interaction. On the 
other hand, the SO rotation is highly excited, due to contributions from the bending wavefunction 
and a torque acting on the SO fragment as the S-O’ bond is cleaved.  
The dynamics discussed in this work should only be considered as the first step towards a 
full understanding of the predissociation dynamics of SO2(
1
2C B ). To that end, the other two 
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dissociation channels, namely the internal conversion to the 1
1X A  state and the intersystem 
crossing via a triplet ( 32 A ) repulsive state, have to be included in the model. The former requires 
the location and characterization of the conical intersection seam between the two electronic states. 
The latter demands the mapping of the 32 A  state PES and the spin-orbit coupling that facilitates 
the intersystem crossing. Work in this direction has already started in our groups. 
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Table 1. Numerical parameters used in the wave packet calculations. Atomic units are used unless 
stated otherwise. 
Grid/basis range and size: 
[1.0, ]R  , 345RN   
[2.0, 6.5]r  , 85rN   
max 119j  , 120jN   
Damping along R: 
DR=  
2
exp 0.005 16.5R  
 
, for R >16.5  
     =1, otherwise 
Damping along r: 
Dr=  
2
exp 0.009 4.5r  
 
, for r >4.5  
    =1, otherwise 
Propagation step:    250000 
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Figure captions: 
Figure 1. Schematic potential energy curves for several low-lying electronic states of SO2 along 
the dissociation coordinate. The singlet adiabatic potential used in this work is depicted by the red 
bold curve. 
Figure 2. Absorption spectra of 32SO2, 
33SO2, 
34SO2, and 
36SO2. The arrows denote the position of 
the barrier, which are 52351, 52359, 52366, and 52379 cm-1 for 32SO2, 
33SO2, 
34SO2, and 
36SO2, 
respectively. 
Figure 3. Absorption spectrum and product vibrational state distributions in the predissociative 
energy range (53100~57500 cm-1) of 32SO2. 
Figure 4. Absorption spectrum and product vibrational state distributions in the predissociative 
energy range (53100~57500 cm-1) of 33SO2. 
Figure 5. Absorption spectrum and product vibrational state distributions in the predissociative 
energy range (53100~57500 cm-1) of 34SO2. 
Figure 6. Absorption spectrum and product vibrational state distributions in the predissociative 
energy range (53100~57500 cm-1) of 36SO2. 
Figure 7. SO vibrational state distributions (red lines) from the predissociation of 32SO2 at 
Ehv=53706, 54024, 54189, 54263, 55950, and 56095 cm
-1. Blue dashed lines denote the Franck-
Condon overlaps between the wavefunctions in the r coordinate at the dissociation barrier and the 
SO vibrational eigenstates. The arrows denote the highest available vibrational states of SO. 
Figure 8. SO rotational distributions (red lines) from the predissociation of 32SO2 at Ehv=53706, 
54024, 54189, 54263, 55950, and 56095 cm-1. The vibrational states of SO at these energies are 
fixed at the most populated vibrational states as shown in Fig. 7. Blue dashed lines denote the 
18 
 
Franck-Condon overlaps between the wavefunctions in the  coordinate at the dissociation barrier 
and the SO free rotor eigenstates. 
Figure 9. Wavefunctions of 32SO2 extracted at Ehv=53706, 54189, and 56095 cm
-1, (left panel) with 
  fixed at that of the barrier geometry structure (103.5˚); (right panel) with r fixed at that of the 
barrier geometry structure (2.790 bohr). 
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